We studied experimentally and theoretically the pulse compression using a zero-dispersion photonic crystal fiber in order to optimize the pulse duration and pulse shape. 20.3-fs pulses centered at 1070 nm have been produced using a diode-pumped system based on Yb:SYS crystal. The limitations such as pre-pulse amplitude or solitonic fission have also been studied.
Introduction
Within the past few years, diode-pumped femtosecond laser systems have lead to a very strong interest in various scientific and engineering fields. Among them, systems based on Yb-doped crystals have allowed significant breakthroughs in terms of efficiency, compactness and reliability [1] [2] [3] [4] . However, the pulse duration of these lasers is usually limited around 100 fs [4] mainly due to the emission bandwidth of the Yb-doped materials. Alternatively, photonic crystal fibers (PCF) have allowed a revolutionary breakthrough in non-linear optics. Actually, an intense interest has arisen due to the novel PCF dispersion properties and the opportunity for propagation within a tightly confined fundamental spatial mode [5] . Very efficient continuum generation, pulse compression and even solitonic tunability have been demonstrated using PCF. And it has been shown that the temporal dynamics which are observed during femtosecond pulse propagation in PCF strongly depend on the input pulse power and the proximity of the input wavelength to the fiber zero dispersion wavelength (ZDW) [6, 7] . On the first hand, the use of fibers with negative group velocity dispersion (GVD) at the laser emission allows to obtain straightforward self-compression and easily tunable sources [8] [9] [10] . In fact, we previously demonstrated the self-compression of 1-µm pulses from 110 fs to 75 fs using a fiber with a ZDW at 950 nm [8] . However, solitonic fission (due to the combined effects of stimulated Raman scattering (SRS) and dispersion) rapidly occurred in negative GVD fibers, avoiding then the generation of very broad spectra and important compression. On the other hand, very large compression factor have been demonstrated using a PCF with a ZDW at the laser emission and an additional prism compressor [10] [11] . With this method, very efficient pulse compression from 810 fs to 33 fs has been obtained with a high average power [10] . Nevertheless, involving shorter pulsed oscillators is an interesting way out to achieve shorter pulse generation with photonic-crystalfiber compression. In fact, new simple and efficient laser systems emitting around 1 µm and producing ultra-short-pulses are interesting and promising in the fields of ultra-fast phenomena or athermal micromachining. In this paper, we are presenting an experimental and theoretical study of ultrashort pulse compression using a zero-dispersion photonic crystal fiber with the purpose of producing the shortest pulses with respect of the pulse shape quality. After the description of the experimental setup, the optimal results obtained with this system will be presented and compared with the theory, and finally we will discuss the limitation of such a system taking into account the pre-pulse amplitude and solitonic fission.
Experimental setup
In order to have a very efficient system in the 100-fs-duration range, the experiment ( Fig.1 ) was performed with a diode-pumped oscillator based on an Yb:SYS crystal [12] . This oscillator produced 110-fs pulses at a repetition rate of 98 MHz and with an average power of 400 mW (≈37 kW peak power). The spectral bandwidth of the pulses was 13 nm centered at 1070 nm, corresponding to a time-bandwidth product (TBP) of 0.37. Concerning the injection in the fiber, the incident polarization and the coupled power were controlled respectively by a half-wave plate and 2 mirrors. Under these conditions, the injected power in the fiber was continuously adjusted without modifying the performances of the oscillator. Moreover, the extremely good stability of the modelocked Yb:SYS laser allows us to avoid the use of an optical isolator since no instability of the oscillator was observed due to feedbacks from the fiber. The beam is injected in the fiber using a 4-mm-focal-length aspherical lens, leading to a maximum coupling efficiency around 30 % (113 mW at the output of the fiber). The output beam is re-collimated at the end of the fiber by an 8-mm-focal length aspherical lens. The fiber (from Crystal Fiber[13]) has its zero dispersion wavelength centered at 1065 nm. It is 20-cm long and has a core size of 5 0.2 ± µm. At the output of the fiber the beam profile is perfectly single-mode, and the polarization is nearly linear. The postcompression of the pulses are made using a prism compressor [14] . This compressor uses two SF10 prisms double-passed and roof mirrors acting in the vertical plan. The distance between the two prisms can be adjusted between 10 and 60 cm in order to optimize the pulse compression. The spectral characterization of the pulses is obtained with an optical spectrum analyzer, and the temporal characterization is achieved by a second order autocorrelator used in both configurations: interferometric autocorrelation or non-collinear intensity autocorrelation.
Experimental results
Because the principal effect involved in ZDW fibers is self phase modulation (SPM), the SPM maximum phase-shift parameter [15] where γ is the nonlinearity coefficient of the silica core, P 0 is the pulse peak power and L is the length of the fiber. We are now going to study the pulse characteristics at the output of the fiber versus this phase parameter. In order to optimize the pulse compression, we experimentally and theoretically vary this factor to look for the shortest duration of the noncollinear intensity autocorrelation. As long as 1.7 SPM π Φ< (corresponding in our case to an average power less than 40 mW) the spectrum modulations are almost exclusively due to SPM as shown in Fig. 2 . For higher coupled powers, third order dispersion (TOD) and self-steepening (SS) start to be perceptible as demonstrated by an asymmetry in the SPM spectrum (Fig. 3) . A model based on split-step Fourier method [15] and taking into account SPM, SS and dispersion (including TOD with 3 3 0.12 ps /km β = ) is necessary to obtain a good prediction of the non-linear processes in the microstructured fiber and of the post-compression in the prisms system. Using this model, the optimum for compression was found near 2 SPM π Φ=. In fact, as we will see in the next paragraph, for 2 SPM π Φ> the pre-pulse amplitude starts dramatically to increase and subsequently to affect the pulse temporal quality. The average power coupled in the fiber corresponding to 2 SPM π Φ= in our experiment is 47 mW. Experimentally, this optimum has been observed for a coupled power of 452 ± mW. Figure 3 shows the experimental and calculated spectra for this coupled power.
The two spectra are very similar except in the shortest wavelengths region where the SPM peak is slightly more shifted toward short wavelengths for the experiment than for the theory. Thus the spectral bandwidth of these pulses is 102 nm for the experiment and only 92 nm with the model. To quantify the global difference between the spectra we used the variance defined in Eq. (2) 
where N is the number of point for the experimental data acquisition. Thus despite the shift of the SPM blue-peak the difference between the experiment and the theory is relatively low with Figure 4 shows the experimental and calculated autocorrelation traces for a coupled power of 452 ± mW. In order to retrieve the experimental pulse shape and duration, we used two different methods. The first one consists in fitting the interferometric autocorrelation with the model; then the retrieved pulse is given by the model. The only variable parameter used in this fit is the coupled power in the fiber. The second method used a phase retrieving based on a minimization method using the experimental spectrum (PICASO method [16] ). This method is based on the minimization of the difference between the experimental and calculated correlations [10] , this difference being evaluated by the factor:
The advantages of the PICASO method compared to the interferometric autocorrelation are clear: the PICASO method includes the experimental spectrum and does not require a validation of the model. In order to avoid the problem of solution ambiguity due to the use of PICASO minimization method, we use, as initial data in the minimization process, the pulse provided by our model. Thus thanks to the relatively good agreement between our model and experiment we avoid problem of convergence. The drawback of the PICASO method is only observed when the satellite-pulse amplitudes are too important (typically >20 %) which leads to a lost of accuracy in the convergence process of the algorithm. Anyway, in our present case, the PICASO method is more accurate and precise than the interferometric autocorrelation.
The retrieved pulse and phase using PICASO are plotted in Fig. 5 and the corresponding intensity autocorrelation is plotted in Fig. 4 . The retrieved pulse duration is then 20.3 fs (corresponding to 6 cycles at FWHM) for a exp ( () , () ) 1 . 6 % theo AA ττ ∆= and the pre-pulse amplitude is around 17 %. The pulse retrieved by the PICASO method and the pulse calculated from the numerical simulations are very similar validating thus the use of the model taking into account self-phase modulation, group velocity dispersion, third order dispersion and self-steepening. Moreover, the influence on the pulse duration of the noncompensated high-order dispersion (mainly TOD, SS) is far from significant (less than 1 fs) and concerning the pre-pulse amplitude the uncompensated TOD and SS leads to a relative increase from 13 % to 17 %. Some numerical simulations taking into account the stimulated Raman scattering (SRS) using the model described in reference 17 have also been done and no influence of this effect have been observed on the results for this range of incident power.
Consequently, the numerical simulations taking into account SPM, GVD, TOD and SS is sufficient to efficiently simulate the compression down to the 20 fs range. The 20 fs compressed pulses have a relatively good quality with a satellite-pulse amplitude of 17 % and a time bandwidth product of 0.54. The average power after compression is 30 mW corresponding to a peak power of 9.3 kW.
Limitations
In order to put in evidence the limitations of our compression system, we studied the pulse compression for higher coupled power in the PCF. We are now confronted to important satellite pulses; then, the non-collinear intensity autocorrelations turn out to be too broad for an accurate measurement of the duration using PICASO algorithm. The use of the interferometric autocorrelation was then preferred [6] , whereas it exhibits a lower precision than the PICASO method when pulse satellites have a small amplitude. Fitting the central fringes of interferometric autocorrelations (by adjusting only the coupled power in the fiber) allows then a fairly accurate estimation of the pulse duration even with relatively important pre-pulses. As shown in Fig. 7 , these experimental durations are in good agreement. This good agreement has been observed until 2.5 SPM π Φ< (corresponding to average powers less than 60 mW). Fitting the interferometric autocorrelation traces and using the model previously described, we also could retrieve the pre-pulse amplitude. This second pulse amplitude is plotted in Fig. 7 . We observe that for a coupled power higher than 47 mW, amplitude of the satellite pulses drastically increases. This consideration of the pulse quality gives the first limitation of our system. For pulses 2 2.5 SPM π π <Φ < it is possible to predict, with still a relatively good accuracy, the spectral broadening (Fig. 8) and compression factor but the compression leads to pulses with intense and numerous satellite pulses. In order to visualize the evolution of the pulse compression versus the injected power in the PCF fiber, we plot spectrograms for
. These spectrograms [17] [18] [19] is the FWHM pulse duration of 2 P . These calculated spectrograms using a reference allow a global and simple visualization of the defect of compression in the spatial and temporal domain.
The first spectrogram shows the evolution of the pulses at the output of the fiber. In order to optimize the resolution of the spectrogram we also computed the XFROG between the output pulse (E fiber ) and the input pulse (E input ), id est a transform limited sech 2 pulse of 110 fs. These spectrograms: XFROG[E fiber ,E input ] are illustrated in the first column of Fig. 9 for
. This XFROG can be compared to the XFROG presented in the work of Hilligsoe and al. on super-continuum generation in PCF [19] ; and it can be observed that our regime of compression is far below the super-continuum generation.
In order to demonstrate the efficiency of the compression with an adapted time scale, we plots a second chronogram that represents the XFROG between the compressed pulse (E compressed ) and an ideal transform limited sech 2 pulse with the same duration (E TF ). These spectrograms: XFROG[E compressed ,E TF ] are illustrated in the second column of Fig. 9 for
. Moreover, in order to put in evidence the quality of the compression and the pedestal influence we compared this XFROG with the FROG for ideal transform limited sech illustrated in the third column of Fig. 9 To see the ultimate limitation of out compression system, we increase furthermore the coupled power in the fiber. Then, we observed that for 2.5 SPM π Φ> , the central pulse duration stays relatively constant because of a soliton fission [20] [21] [22] in the fiber due to the both combined effects of soliton self-frequency shift (SSFS) by stimulated Raman scattering (SRS) and third order dispersion. This soliton fission can be observed in both spectral domain as shown in Fig.  10 and temporal domain by misaligning the distance between the prisms in the compressor. The occurrence of this soliton fission corresponds to the pulse-compression limitation as shown in Fig. 11 ; the pulse duration (at FWHM) of the shortest pulse is then estimated to Experimentally we observed that the soliton fission is limiting the long-wavelength lob broadness of the SPM spectrum at a maximum value of 1140 nm, avoiding thus very broad band generation for the fundamental pulse. Anyway, the use of a ZDW microstructured fiber allows a pulse compression much more efficient than using self-compression in an anomal dispersive microstructured fiber since the soliton fission limitation occurred for broader spectra in the first case. Nevertheless, although this compression leads to very few cycle pulses, the pulse quality is relatively poor because of intense and numerous satellite pulses in the pedestal (Fig.12 ). In brief, we can notice first that in this range of compressed-pulse duration below 25 fs (corresponding in our case to 1.7 SPM π Φ> ) the optimization of the compression taking into account only SPM and GVD is not sufficient to evaluate the compression quality [11, 23] . Higher order effects have then to be considered. For a compression down to 15-fs regime using a zero dispersion wavelength fiber, TOD and SS have to be taken into account and the model is in good agreement with the theory. For shorter pulse generation requiring broader spectra, SSFS by SRS needs also to be integrated in the model. Considering that in our case the limitations are mainly due the quality of the compression and not to the SRS limitation, we will now investigate the potential improvement in the compression using a ZDW PCF fiber.
Improvement
Knowing the accuracy of the model and the limitations for high-quality compression, it is now possible to predict and try to improve our system in the aim to product shorter pulses. The interesting parameter to be varied is the duration of pulses injected in the fiber ( i τ ∆ ). We set an objective of compression fixing the value of the FWHM pulse duration after compression ( considering an optimal compression, the incident average power P is not a variable parameter anymore. It is fixed using the Eq. (4): () .
where F the repetition rate of the pulses, and 1.6 a = [15] . Assuming this condition, the spectrum generated by SPM can be then large enough for a compression down to i τ ∆ , but the compressed pulse quality strongly depends of the incident pulse duration. As an example we plot the XFROG[E fiber ,E input ] for 20 fs compressed pulses. This spectrogram is represented in column 1 of Fig. 13 It is interesting to notice that one can observe 3 different zones. In the first zone, corresponding to a very small factor of compression ( 100 i fs τ ∆< ), the pulse quality really improves when the incident pulse duration decrease. In the second zone (for on incident-pulse duration between 100 fs and 200 fs) the pulse quality seems to stay relatively constant. For 200 i fs τ ∆> the pulse quality seems to depend again on the incident pulse duration. In order to quantify this effect, we plot two indicators of the pulse quality which are: the second pulse amplitude (Fig. 14) and the time-bandwidth product at FWHM (Fig. 15) . The second pulse amplitude corroborates the plateau between 100 fs and 200 fs already observed in the XFROG traces. But, in this region the time-bandwidth factor -which is a more global quality factor-is notably improved. In conclusion, sub-250 fs incident pulses is sufficient to obtain a compression in the 20-fs range with low amplitude satellite pulses, but working with 100-fs incident pulses allows a better transform limited pulses.
In the purpose of improving the system we also plot the same quality indicators for compressed pulses of 30 fs and 15 fs. If we limits the compression down to 30 fs, the optimum pulse duration for the incident pulse is around 200 fs with a plateau for the secondary pulse amplitude (<15 %) between 100 and 350 fs. In the case of a compression down to 15 fs, clean compressed pulse with relatively low satellite amplitude (<20%) is not accessible for incident-pulse duration above 70 fs, which corresponds to a relatively small spectrum enlargement by SPM ( 1.7 SPM π Φ< ). In this range of incident pulse duration, preliminary simulations including SRS seems to point out the possibility of spectrum generation leading to 10 fs compressed pulses without SSRS occurring. Future improvement in the compression using ZDW PCF fibers will then required laser oscillators producing ~50 fs pulses, which will then leads to compressed pulses in the 10-fs range. 
Conclusion
In conclusion, we demonstrated pulse compression at 1 µm with the generation of very short durations based on the use of a zero dispersive wavelength photonic crystal fiber. We obtained 20.3-fs pulses with relatively low pedestal (less than 20 %), which are to our best knowledge the shortest pulses ever produced at this wavelength using a diode pumped oscillator. These experimental results can be efficiently predicted by a model including self phase modulation, self steepening and dispersion (including third order dispersion). Moreover, shorter pulses have also been demonstrated with the production of 14-fs pulses but with important and multiple pre-and post-pulses in the pedestal. We also experimentally put in evidence the limitation of this compression technique demonstrating the emergence of soliton fission due to SRS. This simple method using ZDW PCF and prism-compressor is a very promising technique since it allows the production of ultra-short pulses within a compact system based on new efficient diode-pumped 100-fs oscillators. Using our model, we predicted the production of pulses in the 10-15 fs range with a relatively good quality by using 50 fs pulses from the oscillator. We are now looking forward to developing new diode-pumped oscillators based on Yb-doped crystal in order to proceed to the experiment.
